The spring constant of microfabricated cantilevers used in scanning force microscopy (SFM) can be determined by measuring their resonant frequencies before and after adding small end masses. These masses adhere naturally and can be easily removed before using the cantilever for SFM, making the method nondestructive. The observed variability in spring constant-almost an order of magnitude for a single type of cantilever-necessitates calibration of individual cantilevers in work where precise knowledge of forces is required. Measurements also revealed that the spring constant scales with the cube of the unloaded resonant frequency, providing a simple way to estimate the spring constant for less precise work.
I. INTRODUCTION
The importance of the spring constant and mass of cantilevers used in scanning force microscopy (SFM) has been recognized since the beginning of work in this field.lP2 In contact mode, the spring constant sets limits on the minimum tracking force exerted on samples during imaging, while the spring constant and cantilever mass together set limits on imaging speeds3 In noncontact modes there are similar limits on imaging speed, while the spring constant sets limits on the force resolution. For such calculations, only an order-of-magnitude knowledge of the spring constant and effective mass is required, and calculations based on cantilever dimensions and bulk material properties4 have proven sufficient. However, the SFM is also emerging as an instrument complementary to the surface forces apparatus5 in the measurement of surface forces because much smaller substrates can be accommodated.6 Recent experiments using controlled geometry have made comparison with theory possible.&* For such work, an accurate determination of the spring constant is desirable. Accurate knowledge of the spring constant will also allow better quantitative interpretation of noncontact images.
II. THEORY
We describe here a method for calculating the spring constant and effective mass of SFM cantilevers by attaching known masses to the end of the cantilever and measuring the change in resonant frequency. Most SFM cantilevers are either V shaped"" or simple beams of rectangular cross section." Since it has been shown elsewhere3 that the V-shaped cantilevers can be well approximated by two rectangular beams in parallel, the theory to describe the dynamics of the cantilever-mass system is fairly simple.
The spring constant of an end-loaded cantilevered beam of rectangular cross section is given by
where E is the elastic modulus, t is the thickness, w is the width, and I is the length.'{ZThe beam can be approximated as a spring of stiffness k with aneffective mass dependent on the beam geometry. For a uniform-cantilever of rectangular cross section this effective mass is m"x0.24mb where mb is the mass of the beam. When an&d-m& M is added, the resonant frequency is given byI (2)
The unloaded resonant frequency (M=O) can be written in terms of fundamental material properties using Eq. ( 1) and mb=pwtl, p being the material density:
Equation (2) can be rearranged to give
Equation (4) shows that if several known end masses are added to a cantilever and the new resonance frequencies are measured, a linear plot of added mass versus (27rv) m-2 should give a straight line, the slope being the spring constant and the negative y intercept the effective mass. If the model is assumed correct, however, measurements of the unloaded resonant frequency v. and the resonant frequency v, with one added mass M, will furnish enough information to uniquely determine the effective mass and spring constant; Eq. (4) gives two equations that can be solved for k and m*: No external driving force was applied since thermal excitation provided large enough oscillations (of order 1 nm). The lower curve is for the cantilever with no end mass and shows a peak at 22.4 kHz, and the upper curve is of the same cantilever with a 44 ng end mass. The resonance frequency has shifted to 9.4 kHz and the Q of the oscillation has increased since the mass of the system had increased but the frictional damping (proportional to the cross-sectional area) has not. The two curves are properly scaled, but the vertical offset is arbitrary.
III. MATERIALS AND METHODS
We made our measurements on 200~pm-long, 36+m-wide V-shaped Si3N4 cantilevers,' though the method should be applicable to all SFM cantilevers. We used atomized tungsten spheresI for test masses. The tungsten powder was polydispersed with a mean particle diameter of 20 pm and a standard deviation of 15 ,um, giving us a wide size distribution from which to choose test masses. Light microscopy showed the particles to be spherical. Particle mass was calculated by measuring the sphere radius and using the bulk density of tungsten, 19.3 g/cm3.
All measurements shown here were made in a homebuilt stand-alone atomic force microscope (AFM) using commercial electronics,' but could easily be done in any working SFM. The controller was used simply to supply power to the laser didde and the preamp electronics. The deflection of the cantilever was detected using optical-beam deflection.14 The split-segment photodiode signal was intercepted after the preamp and fed into a spectrum analyzer.
The tungsten spheres were placed near the end of the cantilever, on the same side as the integrated tip, using a glass micropipette on a three-way micropositioner under a 35 X stereoscope.'6 We found the adhesion present (probably capillary) in the tungsten-glass and tungstenSi3N4 interactions (in air of 40%-70% humidity) strong enough to move and then secure the spheres to the cantilever, making the method nondestructive. Figure 1 shows the resonance curve of a cantilever with and without an added end mass. 12.4 kHz. Figure 2 shows the expected linear relationship between added mass and (2qv) s2, verifying Eq. (4). The error quoted is the standard error based on the data set and does not include systematic error; two obvious sources are the measurement of the tungsten sphere diameters and the fact that the spheres were only positioned within 20 pm of the integrated tip (where forces will be applied during imaging). Both these errors could be minimized by the use of precalibrated masses (e.g., monodisperse spheres) and more careful positioning. Of more relevance is the spread in the spring constant when calculated on a point by point basis using Eq. (5). These values ranged from 0.023 to 0.031 N/m. The values for the two heaviest masses were 0.031 and 0.029 N/m, indicating that much of the error was probably in measuring the diameter of the smaller spheres.
Once the model had been verified, we measured the spring constant of five more cantilevers of the same type but from different wafers by adding only a single mass. We saw a spread in resonant frequency from 12.3 to 22.1 kHz and corresponding spring constants from 0.028 to 0.18 N/m, with larger spring constants always corresponding to higher resonant frequency.
Because of the large variability in the spring constants, cantilevers will have to be calibrated on an individual basis when used for precision force measurements. This variability is most likely caused by variations in thickness of the cantilevers." Variability in the length and width of the cantilever is quite small since typical lateral resolution in photolithography is submicrometer. On the other hand, other workers have observed thickness variations from 0.4 to 0.7 pm.3
If it is assumed that the cantilevers are identical except for variations in thickness, it can be shown using Eqs. ( 1) and (3) that the spring constant is proportional to the cube of the unloaded resonant frequency, specifically k=2r 313w BEG.
(6) Figure 3 shows that our data roughly obeyed this scaling law, with a proportionality constant close to that expected Five measurements using spheres varying in diameter theoretically. T&s provides a means of estimating the from 6.5 pm (mass 2.8 ng) to 16.3 pm (43.8 ng) were spring constant by simply measuring the unloaded resomade on a single cantilever whose unloaded frequency was nance frequency. For example, the method predicted a In conclusion, we have verified that a simple model describes variation in resonance frequency as a function of added end mass for a common type of SFM cantilever, thus providing a nondestructive means of determining the spring constant and effective mass. Cantilevers produced using current manufacturing methods have large enough variability in spring constant that calibration should be done on an individual basis for precision work. For less precise work, measurement of unloaded resonance frequencies gives an estimate of the spring constant via Eq. (6).
An interesting application of the mechanical system not yet discussed is its use as a nanogram scale. Once the spring constant and effective mass of a cantilever are calculated using the technique discussed, an unknown end mass can be determined using Eq. (4). The smallest end mass used above was 2.3 ng. We estimate our mass resolution to be 0.5 ng.
Note added in prooj We also made measurements on four 120~,um-long, 22-pm-wide V-shaped silicon nitride cantilevers,' three from different locations in a single wafer and one from a second wafer. The three had similar resonance frequencies, 37A 1 kHz, and similar measured spring constants, 0. IO+O.Ol N/m, while the fourth had a resonance frequency of 54 kHz and a measured spring constant of 0.36 N/m.
